Yeast Strains and Culture Media
The YAL6B Δppt1 strain was generated by genomic replacement of the ppt1 gene by a Nourseothricin cassette providing resistance against cloneNAT (Werner BioAgents, Jena, Germany). The deletion was verified by Western blotting. YAL6B (Gruhler et al., 2005) (kindly provided by Matthias Mann, MPI of Biochemistry, Martinsried, Germany) is auxotrophic for arginine and lysine due to disruption of the lys1 and arg4 genes. Therefore, YAL6B enables efficient stable isotope labeling with amino acids in cell culture (SILAC) with isotopic variants of lysine and arginine due to the absence of de novo synthesis of these two amino acids (Ong et al., 2002) .
To test the in vivo functionality of Hsp90 phospho-mutants, we applied a plasmid shuffling approach based on the system described previously (Nathan and Lindquist, 1995) . We used the ΔECU82α Saccharomyces cerevisiae strain (a derivative of W303) obtained from Susan Lindquist's lab (Nathan and Lindquist, 1995) . This yeast strain is deficient for genomic hsp82 and hsc82 and contains a plasmid coding for hsp82 to rescue lethality. This plasmid also carries an URA selection marker, which enables a selection for cells that had lost the wt Hsp82 plasmid in the medium supplemented with 5'FOA. Hsp90 wt and the phospho-variants were constitutively expressed from a 2 micron high-copy number plasmid under the control of a constitutive glyceraldehyde-3-phosphate dehydrogenase gene (GPD) promotor (p423GPD vector).
Protein Constructs
Hsp90 constructs and the co-chaperones Aha1, p23/Sba1, Hop/Sti1 were cloned into the pET28b vector (Novagen, Madison, USA) for bacterial expression. Hsp90 point mutations were introduced by QuickChange site-directed mutagenesis (Stratagene, La Jolla, USA) using pET28b-wt Hsp90 as a template.
Protein Purification
For recombinant protein expression, the Escherichia coli strain BL21 (DE3) Codon+ RIL (Stratagene, La Jolla, USA) was used as described elsewhere (Richter et al., 2001 ). Hsp90 variants and co-chaperones were purified using NiNTA affinity chromatography (GE Bioscience, Munich, Germany) followed by ResourceQ anion exchange (GE Bioscience, Munich, Germany), a hydroxyapatite mixed-mode ion exchange column and finally Superdex200 pre-grade size exclusion chromatography (GE Bioscience, Munich, Germany). Proteins were dialyzed against 40 mM HEPES/KOH pH 7.5, 20 mM KCl, concentrated to 5-20 mg/ml and stored at -80°C.
2D Gel Electrophoresis
Sample preparation and 2D gel electrophoresis were performed as described (Hiniker and Bardwell, 2004) . Protein spots corresponding to Hsp90 were excised from 2D gels, digested with trypsin, and identified by MS. Hsp90 was detected by Western blot using Hsp90-and phospho-serine-specific antibodies.
ATPase Measurements
To determine the ATPase activity, a spectrophotometric assay based on an enzymatic ATP regeneration system was used as described elsewhere (Richter et al., 2001 ). The assay buffer was 40 mM HEPES/KOH, pH 7.5, 150 mM KCl, 5 mM Hop/Sti1 and p23/Sba1, respectively, at 30°C and 2 mM ATP. To enhance the binding affinity between Aha1 and Hsp90, the assay buffer contained 20 mM KCl, whereas for Hop/Sti1 and p23/Sba1 the assay buffer contained 150 mM KCl. Data for Aha1 activation were fitted as described previously and according to equation 2:
where x is the concentration of Aha1 in the assay and K D is the apparent binding affinity. Data for Sti1 inhibition were fitted as described before (Li et al., 2010) .
For heterodimer formation, 1 µM Hsp90 and 10 µM lidless-Hsp90 were mixed and preincubated at 30°C for 20 min in standard assay buffer before 2 mM ATP was added (Richter et al., 2006) .
Surface Plasmon Resonance
Experiments were carried out as described before (Hainzl et al., 2004) . For all SPR measurements, p23/Sba1 was coupled to the CM5 sensor chip (GE Healthcare, Freiburg, Germany). p23/Sba1 coupling gave a signal of 750 RU. The instrument was equilibrated at 25°C. The running buffer contained 40 mM HEPES/KOH pH 7.5, 150 mM KCl, 5 mM MgCl 2 and 2 mM AMP-PNP or ATPγS. 50 µl of protein was injected with the flow rate of 20 μl/min. Data analysis for direct binding was performed as described earlier .
Protein Labeling
Labeling of the single cysteine Hsp90 variants D61C and Q385C was achieved as described before (Hessling et al., 2009 ). For FRET experiments, wt Hsp90 and S379E containing single cysteine mutations at the position D61 and Q385 and S602E at the position D61 were labeled with the fluorescent dyes ATTO488-maleimide (donor) and ATTO550-maleimide (acceptor). Aha1 was labeled with Alexa Fluor-488.
FRET Measurements
The experiments were carried out as described elsewhere (Hessling et al., 2009 ). To probe the conformational changes induced by nucleotide, heterodimers containing 100 nM M-domain donor-and 100 nM N-domain acceptor-labeled Hsp90 were preincubated at 20°C in the buffer containing 40 mM HEPES/KOH pH 7.5, 150 mM KCl, 5 mM MgCl 2 in the presence of 2 mM AMP-PNP, ATPγS, ATP or without nucleotide. After the addition of 2 µM unmodified wt Hsp90, the decrease in the FRET signal was recorded.
To test the conformational rearrangements induced by Aha1 binding, 100 nM of Ndomain donor-labeled S602E or wt Hsp90 were incubated at 20°C for 15 min with 100 nM N-domain acceptor-labeled S602E or wt Hsp90, respectively, and the change in FRET signal was recorded. 15 µM Aha1 was added to the mixed Hsp90 heterodimers and the effect on FRET efficiencies was monitored. To determine subunit exchange in the Hsp90 dimer in the presence and absence of Aha1, 2 µM unlabeled Hsp90 wt or S602E, respectively, were added to the solution and the reduction of the FRET signal was measured. The qualitative apparent half-life time of the subunit exchange was estimated using equation 3:
where y 0 is the offset, A the amplitude of fluorescence change, t 1/2 is the apparent half-life time of the reaction.
Analytical Ultracentrifugation
Experiments were performed in a Beckman XL instrument (Beckman Coulter, Brea, USA) equipped with either a fluorescence detection system (Aviv Biomedical, Lakewood, NJ) or with a standard interferometer attached to a UV/VIS detection system (Beckman Coulter, Brea, USA). Runs were performed at 35,000 rpm for the analysis of conformational states in a standard buffer (40 mM HEPES/KOH pH 7.5, 150 mM KCl, 5 mM MgCl 2 ). The protein concentration was 0.5 mg/ml. Nucleotides were added as indicated. Generally, the observed s values matched well with those determined with the UV-detection system. In cases were 2 mM nucleotides were present, the interference optics was used. Boundary analysis was performed according to the dc/dt method (Stafford W.F., 1992) . Data were fitted to a Gaussian function in Origin.
To determine the affinity of Hsp90 to Aha1, Alexa Fluor-488-labeled Aha1 was used. Sedimentation properties were monitored by the fluorescence detection system. Data analysis was performed using a dc/dt approach. The resulting differentials of the sedimentation boundary were fitted using bi-Gaussian functions. This allowed determining s values of the uncomplexed and complexed proportion of the co-factors.
The resulting s values and the amplitudes were used to estimate the binding affinity and the ability of the corresponding Hsp90 mutants to undergo conformational changes.
Cross-Linking Experiment
Cross-linking was performed using 7 µg of wt Hsp90 or S485 mutants in a buffer containing 40 mM HEPES/KOH pH 7.5, 150 mM KCl, 5 mM MgCl 2 . Hsp90 variants were preincubated for 15 min at room temperature. Cross-linking was initiated by addition of 2 µl 2.5% glutardialdehyde to a sample of 15 µl and incubated for three with 100 nM MEEVD-containing peptide and 100 nM okadaic acid to prevent Ppt1 association with Hsp90 and inhibit its phosphatase activity, respectively. In total, four biological replicate experiments were performed that included two with reciprocal SILAC encoding to quantify the effect of cellular Ppt1 deficiency on yeast Hsp90
phosphorylation. The total protein concentration was determined by a Bradford assay prior to immunoprecipitation. Hsp90 was isolated from 400 µl lysates by immunoprecipitation for 3 h at 4°C on a rotating wheel using 40 µl polyclonal antiHsp90 antiserum and 60 µl protein A Sepharose (GE Bioscience, Munich, Germany).
The mixture was washed three times with 750 µl buffer containing 40 mM HEPES/KOH pH 7.5, 150 mM KCl.
MS Analysis
Immunoprecipitated Hsp90 was eluted with buffer containing 7 M urea, 2 M thio-urea and 50 mM HEPES/KOH pH 7.5 for 10 min at 37°C on a shaker and subjected to insolution digestion as described elsewhere (Olsen et al., 2006) . Briefly, Hsp90 protein samples were supplemented with 1% n-octylglucoside, reduced, alkylated and then sequentially digested with 1.15 μg Lys-C (Wako, Neuss, Germany) for 4 h and by trypsin (sequencing grade, Promega, Mannheim, Germany) overnight.
Phosphorylated peptides were purified by two consecutive incubations with 2.5 µg TiO 2 beads (GL Sciences Inc., Mainz, Germany) and analysed by liquid chromatography (LC)-MS analysis on LTQ-Orbitrap and LTQ-Orbitrap-Velos instruments (Thermo Fisher Scientific, Schwerte, Germany) as described previously (Daub et al., 2008; Olsen et al., 2009 (Rappsilber et al., 2007) . Raw MS data were processed using the software MaxQuant (v. 1.0.13.13) (Cox and Mann, 2008) . MS data were searched against an in-house curated decoy yeast ORF SGD database (6,719 entries) (Gnad et al., 2009) . MaxQuant searches were performed using previously described settings and filtering criteria (Schreiber et al., 2010) . Identified peptides were automatically quantified and phosphorylation sites assigned by posttranslational modification (PTM) score-based localization in MaxQuant (Cox and Mann, 2008; Olsen et al., 2006) . For phosphorylation site analysis, only class I sites with a localization probability of at least 0.75 (Olsen et al., 2006) were considered. Ability to form dimers by S485 mutants was assessed by a cross-linking of wt Hsp90
(WT), S485E (E) and S485Y (Y) mutants. Cross-linked Hsp90 variants form both monomeric and dimeric forms. As a control, Hsp90 variants in the absence of crosslinker were loaded corresponding to the monomeric species. 
